ZnO/Bi 4 V 2 O 11 nanocomposites were prepared via a facile hydrothermal method by loading different amounts of ZnO onto the surface of Bi 4 V 2 O 11 . The resulting ZnO/Bi 4 V 2 O 11 composites showed excellent photocatalytic activity than that of pure ZnO under visible light irradiation. When the ratio of ZnO to Bi 4 V 2 O 11 was 1:1 (ZB2), the photocatalytic activity was best, which could degrade RhB almost completely within 30 min. The enhanced photocatalytic activity of ZnO/Bi 4 V 2 O 11 composites could be mainly ascribed to the efficient charge separation and the increased specific surface area. Based on the experimental and bandgap calculations, a possible photocatalytic mechanism was proposed.
Since the discovery of photocatalytic water splitting on TiO 2 electrode by Fujishima and Honda in 1972, 1 photocatalytic oxidation technology has received immense attention over the past decades. Metal oxide as nontoxic, chemically stable and low cost semiconductors play an important role in dealing with serious energy shortage and environmental pollution problems. [2] [3] [4] Especially, ZnO has been extensively investigated in terms of surface modifications and doping to optoelectronic aspects, lattice structure, band gap, binding energy and so on. 5 Though ZnO has these advantages, its wide band gap severely restricts further application as ZnO is only active in the ultraviolet region (only accounting for 2-4% of solar energy). 6 Thus, reducing the band gap of ZnO has become one of the most significant goals in the development of efficient ZnO-based photocatalysts.
Nowadays, to make better use of ZnO in the solar spectrum, tremendous effort has been committed to dealing with the insufficient of unmodified ZnO semiconductor including doping with non-metallic elements, 7 deposition of precious metal 2 and formation of heterostructures between ZnO and narrowband semiconductor. 8 Nowadays, coupling ZnO with other narrowband semiconductors receives widespread attention and has been an effective way to enhance the response range of visible light. Bi-containing nanomaterials, as environmentally compatible modifying materials, are widely studied over the past decades, such as Bi 2 O 3 , 9 BiOX (X ¼ Cl, Br, I), [10] [11] [12] 17 This unique layered structure favors the separation of photogenerated carriers and thus improves the photocatalytic activity. However, the separation of photogenerated electrons and holes of bismuth vanadate are easily recombined. Therefore, it is necessary to develop a convenient way to prepare the effective heterojunction photocatalysts.
In this study, we reported that ZnO was dispersed on the surface of Bi 4 V 2 O 11 with a facile hydrothermal method (as shown in the experimental section of the support materials). The ZnO/Bi 4 V 2 O 11 composites exhibited excellent photocatalytic activity beyond that of pure ZnO and Bi 4 V 2 O 11 by degrading RhB in 30 min under visible light irradiation. The interaction between ZnO and Bi 4 V 2 O 11 promoted the separation of photogenarated electron-hole pairs and then improved the photocatalytic activity. HPLC-MS was used to detect the intermediates of RhB. The trapping experiments were performed to demonstrate the main active species responsible for the degradation of RhB under visible light illumination, and a possible photocatalytic mechanism was proposed. Moreover, the cycling performance and XRD patterns before and after cycles indicated a high stability of ZnO/Bi 4 V 2 O 11 composites for the degradation of RhB under visible light irradiation. SEM (Figs. S1(a) and S1(b)) were used to characterize the morphology of the ZnO and ZB2 which shows that ZnO has a nanoplate structure and ZB2 maintains the structure of nanoplates. TEM was performed to further study the microstructure of ZnO and ZB2. It can be seen in Fig. 1 X-ray photoelectron spectroscopy (XPS) was used to investigate the element composition and chemical state of the samples. The full XPS spectrum ( Fig. 2(a) ) confirmed the existence of elements C, Bi, Zn, V and O which were consistent with the result of EDX (Fig. S1(c) ). As presented in Fig. 2(b) , Zn 2p 3 = 2 and Zn 2p 1 = 2 peaks of ZnO and ZB2, centered at 1022.4 eV and 1045.6 eV or 1021.3 eV and 1044.5 eV could be assigned to the Zn 2þ of ZnO. 18 The peaks at 516.9 eV and 524.6 eV or 516.3 eV and 524.0 eV (Fig. 2(c) ) were corresponding to the V 2p 3 = 2 and V 2p 1 = 2 of V 5þ . 19 And the peaks at 158.2 eV and 163.5 eV or 158.6 eV and 163.8 eV (Fig. 2(d) ) are assigned to the Bi 4f 7 = 2 and Bi 4f 5 = 2 of Bi 3þ . 20 Comparing with the pure ZnO and Bi 4 V 2 O 11 , ZB2 exhibits a slight shift which may be the reason that the catalysts are in different chemical environments and the strong interaction between ZnO and Bi 4 V 2 O 11 . 21, 22 The photocatalytic activity of the catalysts was evaluated by degrading RhB under visible light irradiation. As depicted in Fig. 3(a) , the photolysis of RhB was quite stable in 30 min visible light illumination, ignoring the self-degradation of RhB. Commercial P25 could degrade 48.9% of RhB under visible light because of the oxidative photodegradation of dye molecules. 23 Pure Bi 4 V 2 O 11 could degrade 69.3% of RhB, and the ZnO/Bi 4 V 2 O 11 composite samples exhibit much significant photocatalytic performance and found it to be the role of ZnO content. It should be noted that the photocatalytic activity increased with the ZnO coupled with Bi 4 V 2 O 11 . When the ratio of the mass of ZnO and Bi 4 V 2 O 11 was 1:1, the highest photocatalytic activity was obtained with nearly 100% of RhB removed after only 30 min of illumination. However, as the amount of ZnO continued to increase, the photocatalytic activity decreased, which might be ascribed to the excess ZnO particles becoming the recombination center 
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of photogenerated electron-hole pairs 24 and thus inhibit the degradation of RhB. The rate constants of all samples were calculated ( Fig. 3(b) ). It was clear that the rate constants of the composites were higher than that of other catalysts. ZB2 has a highest rate constant of 6.3 and 3.5 times than that of P25 and Bi 4 V 2 O 11 . With the increased amount of ZnO, the rate constant increased first and then decreased, which was consistent with the photocatalytic activity. The improved photocatalytic activity might be ascribed to the increased specific surface which is shown in Fig. S3 and Table S1 . Moreover, the intermediate products in degrading RhB were analyzed to comprehend the details of the reaction process as discussed in support materials in detail (Figs. S4 and S5) .
Photoluminescence (PL) analysis, photocurrent responses and electrochemical impedance spectroscopy (EIS) were used to better understand the separation and migration efficiency of photogenerated carrier in photocatalysis. 25 As shown in Fig. 4(a) , the PL spectra of ZB2 and Bi 4 V 2 O 11 were detected at 424 nm and the excitation wavelength was 350 nm. The pure Bi 4 V 2 O 11 exhibited a strong emission peak, while the ZB2 showed a weakend PL intensity, indicating that the recombination of photogenerated carriers was inhibited after introducing the ZnO. The recombination of holes and electrons leads to the decay of the photocurrent, forming a constant current when the generation and transfer of electron-hole pairs reach equilibrium. 26 Clearly, the photocurrent of ZB2 was higher than that of pure ZnO and Bi 4 V 2 O 11 ( Fig. 4(b) ), proving that the introduction of ZnO could effectively enhance the separation and transfer of the electron-hole pairs thus improving the photocatalytic activity. Additionally, the smaller arc radius on EIS Nyquist plot reflects the lower resistance. 27 It was seen that ZB2 has a higher resistance compared to that of pure Bi 4 V 2 O 11 ( Fig. 4(c) ) and then reflects the faster separation efficiency of electrons and holes. In conclusion, ZnO plays an important role in improving the photocatalytic activity.
Although optical and electrochemical tests could demonstrate that the increase in photocatalytic activity of the composite was related to the generation and separation of photogenerated carriers, the intrinsic mechanism was still necessary. According to the results of UV-Vis DRS and VB XPS spectra in support information (Figs. S7 and S8) , the CB and VB potentials of ZnO and Bi 4 V 2 O 11 were -0.27 eV and 2.85 eV or 0.61 eV and 2.76 eV which was portrayed in Fig. 5 . Once irradiated under visible light, both RhB and Bi 4 V 2 O 11 could be excited, while RhB served as a sensitizer to produce electrons. 28 The photoexcited electrons on the excited RhB* was rapidly transferred to the CB of ZnO, and further transferred to the CB of Bi 4 29 Moreover, the holes gathered in the VB of Bi 4 V 2 O 11 and the certain amount of electrons left in the CB of ZnO would undergo subsequent oxidation and reduction reactions, respectively. After a series of reactions, these formed radicals including h þ , OH, O À 2 resulting in the degradation of RhB can be proved by the results of the capture experiments in Fig. S9 . Furthermore, the recycling experiments and XRD pattern (Fig. S10) confirm the high stability of the catalysts. 
OH þ RhB ! Products:
In summary, the ZnO/Bi 4 V 2 O 11 photocatalysts were prepared via a facile hydrothermal method. The composites exhibited excellent photocatalytic activity and stability by the degradation of RhB under visible light irradiation. The enhanced photocatalytic activity might be ascribed to the efficient charge transfer and separation, the higher specific surface area and the improved photo absorption properties. Also, the trapping experiments were performed to demonstrate the main active species and verified by fluorescence and photocurrent. Based on the above, a possible photocatalytic mechanism was proposed.
